The new microporous cobalt triazolyl phosphonate MOF The design and development of water stable porous materials are crucial for industrial applications that require efficient capture and release of water such as solid desiccants, heat pumps and electric dehumidifiers. [1] [2] [3] [4] [5] The well known solid sorption materials, i.e. silica gels and zeolites, are used on a large scale; however, with their limitations such as silica gels are not very energy efficient since most of the water sorption occurs outside their operating pressure windows, 5 and zeolites require high temperature for regeneration. 6 In contrast to pure inorganic porous materials, recently metal-organic frameworks have been recognized as alternative sorption materials for adsorptive heat transformation processes used in thermally driven adsorption chillers or adsorption heat pumps. 2, 5, 7 In the last two decades MOFs have been extensively studied for their application in gas sorption and separation properties. 8 Although MOFs have attained special attention for water sorption properties in the last couple of years, it remains a challenge to find or design materials with higher water uptake in a narrow relative humidity range that resists hydrolysis and maintains high structural integrity. In this regard a number of strategies have been reported to improve the water stability of MOFs. The MIL series and zirconium based UiO-series with tri-or tetravalent metal ions, respectively, are amongst the most stable poly-carboxylate MOFs. Other approaches include functionalization of organic linkers, i.e. incorporation of fluorinated linkers and use of longer alkyl side chains in order to enhance the hydrophobic character, and consideration of catenation in MOFs. 10, 16 These attempts increased the water stability but decreased the water uptake capacity due to enhanced hydrophobicity and reduction in surface areas. 
The design and development of water stable porous materials are crucial for industrial applications that require efficient capture and release of water such as solid desiccants, heat pumps and electric dehumidifiers. [1] [2] [3] [4] [5] The well known solid sorption materials, i.e. silica gels and zeolites, are used on a large scale; however, with their limitations such as silica gels are not very energy efficient since most of the water sorption occurs outside their operating pressure windows, 5 and zeolites require high temperature for regeneration. 6 In contrast to pure inorganic porous materials, recently metal-organic frameworks have been recognized as alternative sorption materials for adsorptive heat transformation processes used in thermally driven adsorption chillers or adsorption heat pumps. 2, 5, 7 In the last two decades MOFs have been extensively studied for their application in gas sorption and separation properties. 8 However, water sorption in MOFs remained underexplored as the majority of the reported MOFs are not stable in water. 9, 10 One of the earliest water sorption studies in MOFs was reported in 2002 for HKUST-1 with the primary focus on evaluating stability rather than its sorption behavior. Although MOFs have attained special attention for water sorption properties in the last couple of years, it remains a challenge to find or design materials with higher water uptake in a narrow relative humidity range that resists hydrolysis and maintains high structural integrity. In this regard a number of strategies have been reported to improve the water stability of MOFs. The MIL series and zirconium based UiO-series with tri-or tetravalent metal ions, respectively, are amongst the most stable poly-carboxylate MOFs. Other approaches include functionalization of organic linkers, i.e. incorporation of fluorinated linkers and use of longer alkyl side chains in order to enhance the hydrophobic character, and consideration of catenation in MOFs. 10, 16 These attempts increased the water stability but decreased the water uptake capacity due to enhanced hydrophobicity and reduction in surface areas. In comparison with polycarboxylate MOFs, in spite of the known fact that phosphonate MOFs intrinsically impart remarkable hydrostability, [17] [18] [19] the asymmetric unit. ‡ The charge balancing sulfate ion is disordered in the crystal structure of 1, which was identified by ion chromatography.
One of the two crystallographically independent Co 2+ ions (Co1) and the C, N and P atoms of the linker anion L 2− are coplanar (Fig. 1a) . Two nitrogen atoms each of three triazole rings connect three cobalt ions to a typical µ 3 -OH and triazole bridged Co3 triangle ( In order to evaluate the behavior of the coordinated and non-coordinated water molecules in the pores with temperature, TGA studies were performed ( To test the framework hydro-stability, 1 was refluxed in water for 24 hours; the PXRD patterns confirm the stability of 1 in boiling water (Fig. S2 †) .
Recently we reported on a lanthanum MOF, [La 3 L 4 (H 2 O) 6 ]-Cl·xH 2 O (2), with the same linker as 1 with a pore diameter of 1.9 nm. 17 Both compounds, 1 and 2, exhibit a similar robust structural behavior and a steep water uptake (Fig. 3) at a relative water vapor pressure p/p o = 0.08 and 0.21 for 1 ( pore size 1.3 nm) and 2 ( pore size 1.9 nm), respectively. The volumetric water sorption isotherms for evacuated (at r.t.) samples of 1 and 2, denoted 1′ and 2′, were measured at 293 K and are shown in Fig. 3 . Both, 1′ and 2′, exhibit sorption isotherms close to type I behavior, characterized by a small increase followed by a steep water uptake of 230 and 330 cm 3 (STP) g −1 at low relative pressures and a long saturation plateau. 4, 22 This behavior is similar to that observed in CPO-27 (Ni, Mg, Co) 10, 23 as well as in zeolites. However, in CPO-27 water adsorption proceeds via chemisorption at coordinatively unsaturated metal sites followed by physisorption. CPO-27 MOFs retain their structural stability when thermally treated in the flow of N 2 , however, thermal treatment at temperatures higher than 100°C in the presence of air leads to structural deformation. 24 CPO-27 and 1 share the common feature of their honeycomb structure with a channel diameter of 1.1 and 1.3 nm, respectively. In contrast to zeolites, in phosphonate MOFs 1 and 2, the most exciting and unique feature is their easy regeneration in 2 hours under mild evacuation conditions (10 −2 mbar) at room temperature. 1′
and 2′ both show robust cycling performance as indicated by the reproducible water uptake in repeated cycles of adsorption and desorption shown in Fig. S7 and S8, † respectively. These promising results of steep water uptake capacity at low pressures in repeated cycles make 1 and 2 suitable hydrophilic adsorbents that require mild regeneration conditions with retention of their structural integrity. Adsorption profiles of abrupt water uptake in a single adsorption step as observed in 1 and 2 are rare in the literature, exhibited by very few other MOFs such as CAU-14, 18 CAU-10-H, 25 MIL-125-NH2, 7 UiO-67, 26 and In-MIL-68, 5b at p/p o values of 0.2, 0.2, 0.2, 0.58 and 0.58, respectively, in comparison with 0.08 for 1 and 0.21 for 2. The absence of hysteresis loops in the sorption isotherms of 1 and 2 is an indicator of structural integrity in these phosphonate MOFs as well as continuous and reversible physisorption in a microporous material. The water stability of 1 and 2 arises from the bond strengths of phosphonate oxygen metal bonds and further from their extension in one dimensional metal phosphonate stacks connected via organic linkers. Furthermore, the presence of coordinated water protruding towards the 1D pores determines the hydrophilic nature of the pores and offers great affinity for the incoming guest water molecules during adsorption. Water uptake by 1 and 2 is found in the ideal pressure range for applications (0.05 < p/p o < 0.4) and desorption temperatures at or below 80°C.
2,3
Taking into account the second weight loss in the TGA curve of 1, we heated compound 1 at 130°C under vacuum (10 −2 mbar) in order to lose coordinated water molecules and generate unsaturated metal centers. We observed that 1 experiences a reversible color change from pink ( pristine 1 and after activation at 25°C under 10 −2 mbar, denoted 1′) to dark purple (heated at 130°C at 10 −2 mbar or at 150°C at ambient pressure, denoted 1″, Fig. 4 ). PXRD patterns of 1″ (Fig. S4 †) retain lower angle peaks whereas at higher angles the peaks almost vanished. Crystals of 1 retained their shape but the crystallinity was no longer adequate for single crystal diffraction studies. Nevertheless, we studied 1″ for its water sorption behaviour. The water sorption isotherm of 1″ shown in Fig. 4 exhibits a significantly higher and gradual water uptake capacity compared to 1′, probably due to structural rearrangement. Water is retained in 1″ as hysteresis is observed in adsorption and desorption cycles. In comparison with the steep water uptake in 1′, 1″ shows gradual water uptake with almost doubled capacity. Samples of 1″ kept at 95% RH for 12 h at 90°C turned back from dark purple to pink. The PXRD pattern confirms that 1″ changed back to 1. Furthermore, water sorption studies performed on the same sample confirmed reversible conversion of 1″ to 1 as the sorption isotherms of 1′ and 1″, after keeping under 95% RH at 90°C, exactly matched as shown in Fig. 4 . We infer from these observations that 1 is highly stable under humid conditions, and as a function of temperature 1 can be transformed to 1′ or 1″ and under humid conditions 1′ and 1″ reversibly convert back to 1.
Conclusions
In conclusion, we introduced highly water stable triazolyl phosphonate MOFs, 1 and 2, as potentially efficient water sorption materials that exhibit steep water uptake in the ideal range for applications (0.05 < p/p o < 0.4). Our studies confirm that 1 and 2 with hydrophilic nano-channels sustain their structure in boiling water as well as in saturated water vapors. After water sorption 1 and 2 can be activated under mild evacuation at room temperature and show reproducible water uptake in repeated cycles of adsorption and desorption. These results render porous triazolyl phosphonate MOFs interesting candidates for water sorption based applications such as adsorptive heat transformation processes. Gerüstverbindungen) and Universität Leipzig (PbF-1) is gratefully acknowledged. , µ = 1.576 mm
Notes and references
, λ = 71.073 pm (Mo-K α ), 5525 measured, 1465 independent reflections, R int = 0.0713, 1176 with I > 2σ(I), 100 parameters, phosphonate oxygen atoms, coordinated water and the µ 3 -OH group are disordered ( please see the ESI for details), H atoms of phosphonate ligands in idealized positions. Since the sulfate anion and water molecules are disordered in the pores the SQUEEZE 27 routine was applied. R 1 (observed reflections) = 0.0540, wR 2 (all data) = 0.1416, absolute structure parameter = 0.47 (7); max. and min. residual electron density peaks 0.6 and −1.3 e − /10 6 pm 3 . CCDC 1411211 contains the supplementary crystallographic data for this paper.
